Fertilization process of Paramecium caudatum includes a reciprocal exchange of migratory pronuclei across a temporary junction between conjugating cells. To know the role of microtubules on the behavior of pronuclei during conjugation in P. caudatum, the localization of microtubules was investigated by indirect immunofluorescence with a monoclonal anti-a-tubulin antibody. The immunofluorescence showed that the migratory pronucleus was surrounded by the cytoplasmic microtubules. The migratory pronucleus seems to be pushed to the cell junction by the cytoplasmic microtubules. Then the migratory pronucleus extended into the partner cell. An electron-microscopic observation showed that the cytoplasmic microtubules were assembled at the back of the migratory pronucleus, and the intranuclear microtubules of the pronucleus were aligned along the direction of the extension at the exact moment when the migratory pronucleus was crossing the cell junction. The transfer of migratory pronucleus was inhibited by injection of the monoclonal anti-a-tubulin antibody. These evidences suggest that both the cytoplasmic and the intranuclear microtubules are necessary for the dynamic behavior of gametic pronucleus across the cell junction of conjugating pair. We also suggest that microtubules are involved in the pronuclear migration after entering the partner cell.
Role of the cytoplasmic and the intranuclear microtubules on the behavior of pronuclei during conjugation in Paramecium caudatum By Yuka NAKAJIMA,*) Kazuyuki MIKAMI,**) and Mihoko TAKAHASHI*)'t) (Communicated by Koichi HIWATASHI, M.J.A., Nov. 12, 2001) Abstract: Fertilization process of Paramecium caudatum includes a reciprocal exchange of migratory pronuclei across a temporary junction between conjugating cells. To know the role of microtubules on the behavior of pronuclei during conjugation in P. caudatum, the localization of microtubules was investigated by indirect immunofluorescence with a monoclonal anti-a-tubulin antibody. The immunofluorescence showed that the migratory pronucleus was surrounded by the cytoplasmic microtubules. The migratory pronucleus seems to be pushed to the cell junction by the cytoplasmic microtubules. Then the migratory pronucleus extended into the partner cell. An electron-microscopic observation showed that the cytoplasmic microtubules were assembled at the back of the migratory pronucleus, and the intranuclear microtubules of the pronucleus were aligned along the direction of the extension at the exact moment when the migratory pronucleus was crossing the cell junction. The transfer of migratory pronucleus was inhibited by injection of the monoclonal anti-a-tubulin antibody. These evidences suggest that both the cytoplasmic and the intranuclear microtubules are necessary for the dynamic behavior of gametic pronucleus across the cell junction of conjugating pair. We also suggest that microtubules are involved in the pronuclear migration after entering the partner cell. microscopy, or immunofluorescence microscopy.2) 6) However, it has not been revealed how the MiP passes through the cell junction. In Paramecium, previous studies have concluded that the MiP exchange occurs through an opening on the membrane of the cell junction by amoeboid movement.I~'7~'8 We observed cytoplasmic and intranuclear microtubules (MTs) of MIP during nuclear exchange. Furthermore, the transfer of MiP was inhibited by injection of the anti-a-tubulin antibody. Our results suggest that both cytoplasmic and intranuclear MTs are necessary for nuclear exchange. Materials and methods. The stocks used were C 103s8 selfing progeny of C103, mating type VI (supplied by Dr. T. Watanabe, Tohoku University), and 16BKy-9 and 16BKy-13, mating type V, belonging to syngen 3 of P caudatum.
Culture and handling techniques for paramecia followed those of Hiwatashi.9~ The culture medium was fresh lettuce juice diluted with Dryl's salt solution'° modified by the substitution of KH2PO4 for NaH2PO4. Cultivation and experiments were carried out at 25 ± 1 °C. For concentration of conjugation pairs, the iron-dextran particle method was utilized." No. 9] Microtubules and pronuclear behavior 173
Indirect immunostaining was performed as described elsewhere12) with following modifications: cells were fixed with 1.5% formaldehyde in a PHEM buffer, pH 7.0, as described by Schliwa and Van Blerkom13) and were washed with potassium phosphate-buffered saline (pH 7.0) containing 2 mM MgCl2 and 10 mM EGTA as described by Keryer et al.14) In order to visualize DNA, the cells were stained with 5 pg/ml propidium iodide (PI) after treated with RNase (4 mg/ml). The cells were observed under a laser scanning confocal microscope (Lsm 410, Carl Zeiss Co., Ltd., Duesseldorf, Germany). Each fluorescent section was scanned individually to avoid bleed-through between channels. Each image was constructed about 10 sections. Each Z axis of sections was 1 pm.
For electron microscopy, the techniques for fixation and block-staining followed those of Orias et a1.4) After block-staining, the cells were dehydrated through increasing alcohol concentrations and 100% n-butylglycidyl ether (QY-1, Nisshin EM Co., Ltd., Tokyo, Japan). The cells were then infiltrated in an n-butylglycidyl ether/epoxy regin (Epon 812, TAAB Lab., Equip., Ltd., Berlshire, England) mixture and embedded in the epoxy resin at 60 °C. Ultrathin sections were cut with a diamond knife (Diatome Ltd., Bienne, Switzerland). Observations were performed with a JEM-1010 transmission electron microscope (JEOL Ltd., Tokyo, Japan) at 80 kV.
The procedures for microinjection were followed as described.15) 17) About 20-30 pl (protein 160 pg/ml) of the antibody was injected into a cell of the conjugating pair at the stage of the third prezygotic division. The pairs were then placed in K-DS supplemented with BSA (1 mg/ml) to heal the injury and observed every 15 min until 2 h after injection.
Results. . Dynamic organization of micro tubules during nuclear exchange. In P caudatum conjugation, the diploid micronucleus enters meiosis to form the four haploid nuclei. Only one of the four haploid meiotic products survives in the paroral region of each cell, which is around the degenerated oral apparatus. The other three nuclei outside the region degenerate.lg) 21) In each cell of the conjugating pairs, a surviving haploid nucleus undergoes the third prezygotic division to form two gametic pronuclei, the migratory (MiP) and stationary pronuclei (StP). The MiPs then exchange reciprocally through the junction of the conjugating pair in the paroral region before the formation of a fertilized 22) 25) nucleus . To investigate the interaction between MTs and pronuclear behavior during the migration of the gametic pronucleus into the partner cell, we observed the localization of a-tubulin in detail using confocal microscopy. The antibody that we used in this study recognized specifically a-tubulin of P. caudatum in the cell extract and cilia.12) When the third prezygotic division is completed, the cytoplasmic MTs assemble radially around the MiP (Fig. 1A, arrowheads) . Each MiP then changes its biconvex lens shape and is piled up in the junction of the conjugating cell (Fig. 1B) . It seems that the MiP is pushed to the cell junction by the cytoplasmic MTs (Fig.  1B, arrowhead) . Immediately after this stage, the MiP extended into the partner cell (Fig. 1C) . The MTs are also present in the vicinity of the StP at this time (Fig.  1C, arrowheads) , although in fewer numbers than the MTs around the MiP. These results strongly suggest that the cytoplasmic MTs work on the migration of the pronucleus into the partner cell.
Ultrastructural observation of microtub ales during conjugation. To reveal the organization of the MTs, which are involved in the pronuclear exchange, we observed the localization of MTs by transmition electron microscopy. Fig. 2A shows that the MiP is just crossing the junction of the conjugating pair. Numerous numbers of cytoplasmic MTs are assembled at the back of the MiP (Fig. 2B, arrowheads) . Some MTs are attached to the nuclear envelope (circle) and cross each other (double arrowhead). In contrast to the cytoplasmic MTs, the intranuclear MTs are formed parallel to the envelope (arrows). In the lateral side and tip of the MiP, intranuclear MTs are aligned along the direction of extension ( Fig. 2C and E, arrows) . The cytoplasmic MTs are also present in the vicinity of the StP (Fig. 2D , StP, arrowheads). There are many small openings on the boundary membrane (0.2-0.5 pm in diameter), which are a cytoplasmic connection between conjugating cells26)'27) (Fig.  2D, i) . The MiP looks to utilize one of the small openings to enter into the partner cell. The smooth edges of the boundary membrane invading the partner cell are seen in Fig. 2C and D (circles) .
Dynamic organization of microtubules during formation of the fertilized nucleus. After entering the partner cell, the MiP migrates to the cytoplasm of the partner cell and fuses with the StP to form the fertilized nucleus.22) 25) The MiP extends to the StP of the partner cell and keeps connection with the junction (Fig. 3A) . The intranuclear MTs of the MiP seem to extend along the direction of the movement. The MiP then fuses with the StP of the partner cell to form the fertilized nuclei connecting to the cell junction (Fig. 3B, arrows) , but their chromatin is not yet homogenous in appearance. The intranuclear MTs of the UP might be responsible for this connection between the nucleus and cell junction. These MTs disappear before post-zygotic division (Fig.  3C) . Effect of injection of anti-a-tubulin antibody on the nuclear exchange. To investigate whether MTs participate in pronuclear exchange, anti-a-tubulin antibody was injected into the cytoplasm of conjugating cells in the stage of the third prezygotic division. When the anti-mouse IgG was injected into the cytoplasm of conjugating cells as a control, all pairs underwent the normal conjugation process and performed the pronuclear exchange and the formation of the fertilized nucleus (Table I) . On the contrary, the conjugating cells injected with the anti-a-tubulin antibody failed to conduct the nuclear exchange. All the injected cells completed the third prezygotic division, but their nuclear exchange was blocked (Table I) . Two pronuclei of nearly all of the pairs existed apart from the cell junction in the paroral region. Fertilized nuclei did not form in 46 out of 47 pairs injected with the anti-a-tubulin antibody (Table I) . Thus, though the injection of the antibody into the cytoplasm of the mating cell did not inhibit mitosis, it affects the work of some cytoplasmic MTs, resulting in the failure of the formation of a fertilized nucleus.
Discussion. The results obtained strongly suggest Fig. 2C , is marked by a circle. E: Tip of the MiP with intranuclear MTs, which are aligned in a direction of movement. b; boundary membrane, n; nuclear envelope, i; interruption of the boundary membrane, arrows; intranuclear MTs, arrowheads; cytoplasmic MTs. Bars represent 2 pm in A, and 500 nm in B to E.
Y. NAKAJIMA K. MIKAMI , and M. TAKAIIASHI [Vol. 77(B) , that the cooperative work of MTs is essential for the migration of the pronucleus during the nuclear exchange. One is the cytoplasmic MTs around the MiP because the immunofluorescence of a-tubulin showed that the MiP was surrounded by the cytoplasmic MTs after the third prezygotic division (Fig. 1A) , and the MiP seemed to be pushed by the cytoplasmic MTs to the cell junction (Fig. 1B) . When the MiP entered the partner cell, the cytoplasmic MTs surrounded the posterior hemisphere of the MiP, as shown by electron microscopy (Fig. 2B) . Furthermore, the transfer of the pronucleus was inhibited by microinjection of the anti-atubulin antibody (Table I ). The other is the intranuclear MTs of the MiP. At the moment of nuclear exchange, the MiP changed from a biconvex lens shape to an extended shape. Numerous microtubules were aligned along the direction of the extension (Fig. 1C, Fig. 2C and E). These features may show that nuclear exchange is not passive but active. However, the active migration of a nucleus might result from an extension by MiP itself but never from amoeboid movement as previously reported,l~'7~'8~ indicating that participation of both the cytoplasmic and the intranuclear MTs is necessary in the nuclear exchange. Not only around the MiP but also in the vicinity of the StPs, the MTs appeared during the nuclear exchange (Fig. 2D) . What is the role of these MTs? When the anti-a-tubulin antibody was injected into the cytoplasm of the conjugating cells, the intracellular positioning of both of the StPs and the MiPs changed (as described in the result). Though the pronuclei usually stayed near the cell junction, the pronucleus was apart from the junction in the cells injected with the anti-atubulin antibody. Injection of the antibody into the cytoplasm was effective with cytoplasmic MTs but not with intranuclear MTs, because the injection of the antibody prevented migration of the pronucleus but not nuclear division, including the third prezygotic division and the postzygotic division (data not shown). These results suggest that the cytoplasmic MTs are essential for the proper positioning of the pronuclei in the cell.
The question of how the MiP moves to the StP after entering the partner cell has not been solved. In the sea urchin, the MTs of the centriole of the male pronucleus extend (sperm aster) and contact the female pronucleus, and the two pronuclei migrate toward each other when the sperm enters the egg cytoplasm.'29~ In P caudatun, the MiP moved to the StP in a stretching manner, and the intranuclear MTs of the MiP seemed to be aligned in the direction of movement at that time (Fig.  3A) . This observation suggests that the extension of the intranuclear MTs may be involved in the movement of the MiP after the nuclear exchange.
In Tetrahymena, the MIP and StP were connected by MTs to the cell junction just after nuclear exchange.6~ Although such an assembly of MTs was not observed in P caudatum using confocal microscopy, cytoplasmic MTs must be working. Because in a cell injected with the anti-a-tubulin antibody, the MiP exists apart from the junction, as does the StP, resulting in the failure of the formation of a fertilized nucleus. This suggests that the cytoplasmic MTs are also involved in the movement of the MiP after a pronuclear exchange.
